Schizosaccharomyces pombe treated with valproic acid died with apoptotic markers such as DNA fragmentation, loss of a mitochondrial electrochemial gradient and chromatin condensation, independently of metacaspase, a yeast homolog of metazoan caspase. Sensitivity to valproic acid was strongly dependent on growth phase. Cells in a later growth phase were much more sensitive to valproic acid than those in an earlier one. Altering the pH of the medium with HCl and with NaOH also caused remarkable changes in sensitivity. Cells in an acidic medium were more sensitive to valproic acid. This pH-dependent change in sensitivity did not require de novo protein synthesis, and a change in pH 60 min after the administration of valproic acid affected sensitivity. These results suggest that the intracellular cell death process was susceptible to extracellular pH. Although a sir2 mutant of Saccharomyces cerevisiae has been reported to be resistant to valproic acid, mutations in sir2 did not affect the sensitivity to valproic acid of S. pombe.
Apoptosis, an evolutionally conserved cell suicide program, plays important roles in the development and homeostasis of multicellular organisms by eliminating dangerous, superfluous, or damaged cells. In recent years, it has been found that a number of unicellular organisms can also undergo apoptotic cell death. [1] [2] [3] [4] [5] In budding yeast Saccharomyces cerevisiae, apoptotic cell death was induced in response to several stimuli 2) in a manner dependent on 4) or independent of 5) metacaspase, the yeast homolog of metazoan caspases, while in fission yeast Schizosaccharomyces pombe, an evolutionarily distant relative of S. cerevisiae and a valuable tool for studying the basic cellular processes of higher eukaryotes, apoptotic cell death has been observed for relatively few stimuli, 6, 7) and those stimuli are not those of S. cerevisiae. Considering the usefulness of comparative studies of S. cerevisiae and S. pombe for elucidating basic cellular mechanisms, to uncover a common agent inducing apoptotic death in both S. cerevisiae and S. pombe cells and identifying the mechanisms of cell death induced by the reagent are of critical importance.
Valproic acid (VPA) (2-propyl pentanoic acid), widely used in treating epilepsy and bipolar disorder, 8, 9) has recently received attention as an anti-tumor agent, 10) but it causes hepatic damage, pancreatitis, hyperammonemia, and depression of the central nervous system, 11) and exposure to it in early pregnancy is a risk factor for spina bifida 12, 13) and autism. 14, 15) Although histone deacetylase 16) and glycogen synthase kinase 3 17, 18) have been reported to be intracellular targets of VPA, the mechanisms responsible for the side effects of VPA are not well understood. VPA has reported to induce apoptosis in many human leukemia cell lines [19] [20] [21] and in S. cerevisiae.
22)
Here we report that VPA induced metacaspaseindependent apoptotic cell death in S. pombe. This susceptibility of S. pombe to VPA was strongly dependent on growth phase and the pH of the culture medium.
Materials and Methods
Yeast strains, plasmid and growth conditions. S. pombe strain JY741 (h À , ade6-M216, leu1, ura4-D18) and a sir2 mutant MN452 (h À , ade6-M216, leu1, ura4-D18, sir2:kanMX6) 23) were used. MN702, a pca1 deletion mutant, was constructed from JY741 as described below. Cells were grown in YE (0.5% yeast extract and 3% glucose) with vigorous shaking at 30 C in most of the experiments. We used mid-logarithmic phase cultures, incubated for at least 14 h after transfer to fresh medium. They had a cell density of 5{10 Â 10 6 cells/mL (the density in the early stationary phase was 5 Â 10 7 cells/mL), except where stated otherwise. EMM, 24) supplemented with necessary nutrients at 50 mg/mL, was used in selecting auxotrophic strains in the construction of mutants. For solid media, 1.5% agar was added. VPA (sodium salt) was purchased from Sigma (St. Louis, MO).
Construction of pca1 gene disruptants. In the S. pombe genome, a sequence (SPCC1840.04) related to the sequences of metacaspase genes of other species was found by searching the EMBL/GenBank/ DDBJ data base. The DNA fragment (2.2 kb) containing this gene, named pca1 þ , was amplified by PCR using primers TAATCCAT-CAACAATCTTCGG and TGAGCTTGAAAATGGAGAGGTA. A 1.7-kb DraI fragment containing the pca1 þ gene was cloned into the SmaI site of pUC19. A 1.8-kb DNA fragment containing the ura4 þ gene of S. pombe 25) was inserted between the SacI site and the XbaI site of the pca1 þ gene in the cloned DNA. A 2.3-kb BglII-NcoI fragment containing the ura4 þ gene was introduced into wild-type strain JY741, and a stable ura4 þ clone was isolated. Deletion mutant of pca1 was constructed by transfecting DNA fragments containing deletions of the gene (between the SacI and XbaI sites) into the pca1:ura4 disruptant, and a 5-fluoroorotic acid-resistant clone was selected. The strain showing pca1 deletion was named MN702. Disruption of the pca1 gene was confirmed by PCR (Fig. 1) .
Assay for sensitivity to VPA. We used three criteria to assess the sensitivity of cells to VPA. The first was a reduction in colony-forming y To whom correspondence should be addressed. Tel: +81-568-88-0811; Fax: +81-568-88-0829; E-mail: normutoh@inst-hsc.jp ability, which represents the ability to produce offspring. The second was the ability to exclude a xenobiotic dye from the cells, which represents the ability to produce energy. The third was the ability to grow on a plate containing VPA. In the assay of colony-forming ability, VPA was added to the culture in 3 mL of YE. Cells were appropriately diluted with sterile water and spread onto YE plates or were sequentially diluted and spotted onto YE plates at the times indicated. The plates were incubated at 30 C for 5 d. The number of colonies that appeared on the plate was counted to estimate the number of viable cells in the culture. When VPA was removed from the medium, cell culture was centrifuged at 1000 Â g for 2 min, and the cell pellet was suspended in YE medium without VPA. For the assay of the exclusion of a xenobiotic dye, the method of Xu et al. 26) was used, but with 20 mM Acid Red 52. Acid red 52 structurally resembles Phloxine B, a dye used to distinguish living cells from dead ones, 27) one less toxic to S. pombe than Phloxine B (our unpublished observation). For the assay of sensitivity on plates, cells grown to the mid-logarithmic phase in YE were diluted sequentially and spotted onto plates containing 5 mM VPA. The plates were incubated at 30 C for 4 d.
Microscopic observation. TUNEL was carried out using the DeadEndÔ Fluorometric TUNEL System (Promega, Madison, WI). The mitochondrial electrochemical gradient was visualized with 5,5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethylbenzimidaozolylcarbocyanine iodide of the DePsipher kit (purchased from Trevigen, Gaithersburg, MD). Cellular DNA was stained with 4 0 ,6-diamidino-2-phenylindole (DAPI). Image processing for adjustment of contrast and brightness was carried out using Photoshop CS2.
Results
Sensitivity of S. pombe to VPA Miyatake et al. 28) found that S. pombe cells did not grow on a plate containing VPA. We examined the susceptibility of S. pombe to VPA in liquid culture, and found that the cells treated with VPA lost the ability to form colonies in a dose-dependent manner ( Fig. 2A) . We also found that susceptibility to VPA was strongly influenced by growth phase. Cells in older cultures were much more sensitive to VPA than those in younger ones (Fig. 2B ). Growth phase-dependent sensitivity was also confirmed by reductions in the numbers of cells excluding xenobiotic dye (Fig. 2C) , which represents the ability to produce energy through intracellular metabolism.
Effect of pH of culture medium on VPA sensitivity Since yeast cells produce organic acids during growth, the culture medium becomes acidic as culturing proceeds (Fig. 3A) . This low pH might have been one cause of the susceptibility to VPA of S. pombe in the older culture. We tested the dependency on pH of the sensitivity of S. pombe to VPA. An appropriate amount of HCl or NaOH was added 10 min prior to the administration of VPA to change the pH of the culture medium. As shown in protein synthesis, had no effect on the change in sensitivity to VPA (Fig. 4A) , de novo synthesis of protein is not required for the changes in sensitivity to VPA caused by changes of pH. To test whether a change in pH prior to the administration of VPA was required to alter sensitivity, we added HCl or NaOH at various time points. Sensitivity to VPA was affected even when the change in pH occurred 60 min after administration (Fig. 4B) . Although VPA incorporation into S. pombe cells was not assayed, 60 min is considered long enough for VPA to be incorporated into the cells. The extracellular pH change did not affect the affinity of VPA to cell surface or transport of VPA into intracellular compartments, but did influence the cell death process.
S. pombe treated with VPA died with apoptotic markers Since S. cerevisiae died apoptotically when treated with VPA, 22) it was inferred that S. pombe also died apoptotically with VPA. We tested several apoptotic markers in S. pombe cells treated with VPA. Loss of the mitochondrial electrochemical gradient is an early apoptotic marker. We examined that gradient using 5,5
0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethylbenzimidaozolylcarbocyanine iodide of the DePsipher kit. This dye accumulates and fluoresces bright red in its multimeric form within healthy mitochondria, while in apoptotic cells in which the mitochondrial electrochemical gradient is disrupted, it remains in the cytoplasm in a green fluorescent monomeric form. As for the cells not treated with VPA, granular red fluorescence was detected in almost all (Fig. 5A ), but more than 90% of the VPAtreated cells showed uniformly distributed green fluorescence (Fig. 5B) . Since the green fluorescence was so strong, little red fluorescence was detected in the VPAtreated cells, but the red fluorescence in the VPA treated cells was distributed uniformly in the cell and did not accumulate in the mitochondria. This indicates that cells treated with VPA lost the mitochondrial electrochemical gradient. Since the survival rate as tested by colonyforming ability was less than 10% at 3 h of incubation with VPA, cells with uniformly labeled by green fluorescence reflect the lost viability. When S. pombe cells treated with 15 mM VPA for 24 h were examined by TUNEL staining, a typical late apoptotic marker that detects cleaved DNA by labeling the 3 0 -OH end with fluorescently tagged nucleotides in a process catalyzed by terminal deoxynucleotidyl transferase, almost all showed a TUNEL-positive phenotype (Fig. 5B) . Chromatin condensation, another hallmark of late apoptosis, , 1 mN) or NaOH (final concentration, 1.5 mN) administration. These treatments changed the pH of medium from 5.0 to 4.8 (HCl) and to 5.4 (NaOH). VPA (15 mM) was added 10 min after the pH change, and colony-forming ability was assayed. The colony-forming ability at time 0 was 5 Â 10 6 cells/mL. Hollow circle, NaOH added; hollow square, cycloheximide and NaOH added; solid circle, HCl added; solid square, cycloheximide and HCl added; solid triangle, cycloheximide, HCl, and NaOH not added. B, Effects of time of pH change. HCl or NaOH was added at the indicated times before or after VPA administration (15 mM). Cells were diluted 10 0 , 10 À1 , 10 À2 , 10 À3 , and spotted at 2.5 mL onto YE plates 3 h after administration of VPA. For HCl, the cell density of the cultures was 5 Â 10 6 cells/mL and the pH of the culture medium was 4.9 at time 0. For NaOH, cell density was 7:5 Â 10 6 cells/mL and the pH of the culture medium was 4.8 at time 0. The addition of HCl and NaOH made pH of the medium to 4.7 and 5.2 respectively. The data presented here are representative of three independent experiments.
was observed in almost all the cells treated with VPA for 24 h by staining with DAPI (Fig. 5C ). These apoptotic markers were detected in cells at all ranges of pH in which cells died under VPA treatment. These results indicate that VPA induced apoptotic cell death in S. pombe. These apoptotic-marker positive cells were detected at lower pH (4.5), at which the cells were much more sensitive to VPA and when VPA was washed out by centrifugation 4 h after VPA administration (data not shown).
Defects in metacaspase and Sir2 did not affect sensitivity to VPA
The proteolytic activity of caspases is essential for metazoan apoptosis. Fungi have a homologous enzyme, metacaspase. Disruption of the metacaspase gene of S. cerevisiae abrogated the apoptotic death caused by VPA 22) and H 2 O 2 . 29) We tested the effects of disruption of the metacaspase gene on VPA-induced cell death in S. pombe. We constructed a mutant deleted of pca1 (the gene for metacaspase) to test sensitivity to VPA. The sensitivity of the mutant was similar to that of the wild type on the plates (Fig. 6A) , and was slightly higher in the liquid culture (Fig. 6B) . This indicates that metacaspase did not play a role in the death of S. pombe cells induced by VPA. A defect in Sir2, which encodes a NAD-dependent histone deacetylase, 30) made S. cerevisiae cells resistant to VPA, 31) while the S. pombe strain with the sir2 mutation was as sensitive to VPA as the wild type both on plates and in liquid culture (Fig. 6B) . A B 
Discussion
The budding yeast S. cerevisiae has been reported to undergo apoptotic cell death in response to several stimuli 2, 4) and is used as a model to study the molecular mechanism of metazoan apoptosis. However, the fission yeast S. pombe, another model valuable in studying the basic cellular processes of higher eukaryotes, dies apoptotically in response to relatively few stimuli. Comparative studies of S. pombe and S. cerevisiae are useful in elucidating basic biological mechanisms in higher eukaryotes, including humans. In S. pombe, many stimuli that induce apoptotic death in S. cerevisiae did not induce cellular death with apoptotic markers (our unpublished observation). The finding that S. pombe treated with VPA died with apoptotic markers, presented here, is the first finding of a logarithmically growing wild-type S. pombe dying of an external stimulus with apoptotic markers when the stimulus causes apoptotic death in S. cerevisiae. However, apoptotic death induced by VPA in S. pombe and S. cerevisiae showed several differences. In S. cerevisiae, apoptotic death induced by VPA is dependent on metacaspase 22) and the Sir2 mutation makes cells resistant to VPA, 30) but as shown in Fig. 6 , a pca1 mutant and a sir2 mutant of S. pombe showed sensitivity similar to VPA as the wild type. That S. pombe did not require metacaspase, a yeast functional homolog of metazoan caspase, is the most prominent difference between metazoan apoptosis and the apoptotic death of S. pombe described here. Many cases of apoptotic death independent of metacaspase have been reported for yeast. 5) In S. pombe treated with VPA, proteases other than metacaspase might contribute to apoptotic death, since Esp1 of S. cerevisiae, a caspase-like protease distinct from metacaspase, acts to cleave Mcd1 cohesin in H 2 O 2 -induced apoptotic cell death. 32) Further exploration of the mechanism of death might demonstrate the general principles underlying the apoptotic death of yeasts and metazoa.
One of the side effects of VPA is that it is a risk factor for autism. In S. pombe, mutation in the membrane traffic machinery causes VPA sensitivity, 28) and in S. cerevisiae, a mutation in phosphoribosyl pyrophosphate synthetase makes cells sensitive to VPA. 33) Although the cause of autism originating in VPA administration is unclear, membrane traffic or phosphoribosyl pyrophosphate synthetase might be a target of VPA for autism. Disturbance of membrane traffic machinery might alter the fine structure of synaptic connections due to a lack or excess of synaptic constituents, and thus might cause autism, while disruption of the phosphoribosyl pyrophosphate synthetase system might modify the metabolism of phosphoinositides, important molecules in intracellular signal transduction, and cause disruption of synaptic fine structure.
The most striking feature of the sensitivity of S. pombe to VPA lies in growth phase and pH dependency. This indicates that sensitivity to VPA is strongly dependent on environmental conditions. The importance of environmental conditions was suggested in a case of developmental neurotoxicity due to VPA in rats in which stress suffered during transport affected the toxicity of VPA. 34) This suggests that the side effects of VPA in humans are also dependent on the cellular environment and can be eliminated by altering the cellular environment. Factors that have the same effect on fission yeast as VPA, growth phase and pH dependent sensitivity, might be risk factors for autism. Since a change in environmental pH is one of the most frequent types of stress microorganisms encounter in the natural environment, adaptive mechanisms to pH change are an interesting subject of study. The dependency on pH of the sensitivity to VPA might be a useful tool to elucidate mechanisms adaptive to environmental pH change.
